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Identification of the Penta-EF-hand Protein ALG-2 as
a Ca’*-dependent Interactor of Mucolipin-1*%
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Loss of function mutations in mucolipin-1 (MCOLN1) have
been linked to mucolipidosis type IV (MLIV), a recessive lyso-
somal storage disease characterized by severe neurological and
ophthalmological abnormalities. MCOLN1 is an ion channel
that regulates membrane transport along the endolysosomal
pathway. It has been suggested that MCOLNT1 participates in
several Ca®>*-dependent processes, including fusion of lyso-
somes with the plasma membrane, fusion of late endosomes and
autophagosomes with lysosomes, and lysosomal biogenesis.
Here, we searched for proteins that interact with MCOLNT1 in a
Ca’>*-dependent manner. We found that the penta-EF-hand
protein ALG-2 binds to the NH-terminal cytosolic tail of
MCOLNI. The interaction is direct, strictly dependent on Ca*,
and mediated by a patch of charged and hydrophobic residues
located between MCOLNT1 residues 37 and 49. We further show
that MCOLN1 and ALG-2 co-localize to enlarged endosomes
induced by overexpression of an ATPase-defective dominant-
negative form of VpsdB (Vps4B®?3°Q), In agreement with the
proposed role of MCOLNT1 in the regulation of fusion/fission
events, we found that overexpression of MCOLNT1 caused accu-
mulation of enlarged, aberrant endosomes that contain both
early and late endosome markers. Interestingly, aggregation of
abnormal endosomes was greatly reduced when the ALG-2-
binding domain in MCOLN1 was mutated, suggesting that
ALG-2 regulates MCOLNI1 function. Overall, our data provide
new insight into the molecular mechanisms that regulate
MCOLNT1 activity. We propose that ALG-2 acts as a Ca>* sensor
that modulates the function of MCOLNT1 along the late endo-
somal-lysosomal pathway.

Mucolipidosis type IV (MLIV)?is an autosomal recessive dis-
order characterized by severe neurological and ophthalmolog-
ical abnormalities. Symptoms appear during the 1st year of life
and include mental retardation, delayed motor milestones,
achlorhydria, and visual problems such us corneal clouding,
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retinal degeneration, sensitivity to light, and strabismus (1-3).
Analysis of various cell types from MLIV patients by electron
microscopy revealed the presence of enlarged vacuolar struc-
tures. These structures were found to accumulate a variety of
lipids (phospholipids, gangliosides, and neutral lipids) and
mucopolysaccharides forming multiconcentric lamellae, as
well as granulated water-soluble materials (4—7). Unlike other
lysosomal storage diseases, this accumulation is not attribut-
able to defects in the catabolism of lipids and proteins but to a
defective transport of membrane components along the late
endosomal-lysosomal pathway (8, 9).

Loss-of-function mutations in the transmembrane protein
mucolipin-1 (MCOLN1), also referred to as TRPMLI, are the
cause of MLIV (10-13). MCOLN1 is an ion channel that,
together with MCOLN2 and MCOLNS3, constitutes the
TRPML subfamily within the transient receptor potential
superfamily of ion channels (14). MCOLNI is a 580-amino acid
protein with a predicted topology of six transmembrane-span-
ning domains with both amino- and carboxyl-terminal tails
having a cytosolic orientation and the pore located between
transmembrane segments 5 and 6. Consistent with the lysoso-
mal defects observed in MLIV, MCOLN1 localizes to late endo-
somes-lysosomes via two acidic di-leucine motifs individually
located near the ends of the amino- and carboxyl-terminal tails
(15, 16). Post-translational modifications play an important
role in the regulation of MCOLNI function. Palmitoylation and
phosphorylation at the carboxyl-terminal tail modulate traf-
ficking and channel activity, respectively (16, 17), although
cleavage at the first luminal loop inactivates the protein (18).
The selectivity of the MCOLNI1 channel remains controversial,
as different studies have suggested that the channel is perme-
able to Ca?™ (19), K*, Ca®**, and Na™ (20), H" (21), and Fe**
(22).

The accumulation of enlarged vacuolar structures observed
in MLIV patients led to the suggestion that MCOLNI may be
involved in the regulation of the biogenesis of lysosomes, spe-
cifically in the reformation of lysosomes from endosome-lyso-
some hybrid organelles (23). This idea was supported by the
observation that loss of the Caenorhabditis elegans orthologue
of MCOLNI, cup-5, resulted in formation of enlarged hybrid
organelles that contained both late endosomal and lysosomal
markers (24). MCOLNT1 has also been associated with lyso-
somal secretion, as fusion of lysosomes with the plasma mem-
brane in response to Ca®>" was found to be impaired in MLIV
cells (25). Recently, we have proposed that MCOLN1 may play
arolein the fusion of both autophagosomes and late endosomes
with lysosomes (26). Absence of MCOLNI results in accumu-
lation of autophagosomes and dysfunctional autophagy in
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MLIV cells (26 -28). Additional roles for MCOLN1 have been
suggested, including regulation of lysosomal acidification (21,
29), chaperone-mediated autophagy (30), and Fe®" release
from late endosomes and lysosomes (22).

Notably, most of the cellular processes thought to be regu-
lated by MCOLNI (i.e. fusion of late endosomes and lysosomes,
biogenesis of lysosomes, lysosomal exocytosis, and autophagy)
are processes that require Ca>" (31-33). The permeability of
the MCOLNTI1 channel is still not well understood. However,
most of the studies regarding this subject propose that
MCOLNT1 is a Ca*>"-permeable channel, and the activity is reg-
ulated by changes in Ca®>" concentration on either the cytosolic
or luminal face of the membrane, thus indicating that Ca%t is
an important modulator of MCOLNT1 function (20, 34). Fur-
thermore, when a proline substitution was introduced into
MCOLNT1 to resemble the form of MCOLN3 known to cause
the varitint-waddler (Va) mouse phenotype (TRPML1V432P),
the resulting channel activity was inwardly rectifying, Ca**-
selective, proton-impermeable, and activated by low pH, fur-
ther supporting a role for MCOLNI1 as a Ca®>* channel that
drives membrane fusion events within the endosomal pathway
(35, 36).

To better understand the mechanisms that regulate
MCOLNT1 function, we decided to search for proteins that
interact with MCOLNT in a Ca®>"-dependent manner. In this
study, we report a Ca®"-dependent interaction between
MCOLNT1 and ALG-2 (apoptosis-linked gene-2). ALG-2 is a
Ca®*-binding protein that belongs to the penta-EF-hand pro-
tein family (37). ALG-2 functions as a Ca*>*-sensor by changing
its conformation and hence affinities to its binding partners in a
Ca®"-dependent manner (37—39). Based on the interaction of
ALG-2 with Alix/AIP (40, 41), TSG101 (42), and Sec31A (43—
45), ALG-2 has been suggested to regulate membrane traffick-
ing at both the endosomal and ER-Golgi pathways. In addition,
ALG-2 has been implicated in neuronal death during develop-
ment (46), regulation of ER-stress-induced apoptosis (47), and
cancer (48). Here, we show that ALG-2 binds to the amino-
terminal tail of MCOLN1 in a Ca*>*-dependent manner. We
identified the residues in MCOLNI responsible for this inter-
action and demonstrated that both proteins co-localize to
endosomes. Mutation of the ALG-2-binding domain in
MCOLN-1 led to defects in its distribution and function, sug-
gesting that ALG-2 regulates MCOLNI activity. Altogether,
our data give new insight on the molecular basis for the regula-
tion of MCOLNI function by Ca**.

EXPERIMENTAL PROCEDURES

Antibodies and Reagents—The following antibodies were
used: rabbit anti-GFP (MBL International, Woburn, MA), rab-
bit anti-ALG-2 (Swant, Bellinzona, Switzerland), mouse anti-
Sec31A (BD Biosciences), rabbit anti-Hrs (Novuls Biologicals,
Littleton, CO), mouse anti-CD63 (clone H5C6; Pharmingen),
mouse anti-FLAGM2 (Sigma), mouse anti-His (Novagen, Mad-
ison, WI), and mouse anti-actin (Sigma). FUGENE 6 reagent
and protease inhibitor mixture tablets were obtained from
Roche Applied Science.

Plasmids—GST-MCOLN1-NTail and GST-MCOLN1-
CTail were cloned as described previously (17). To generate the
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truncated forms of GST-MCOLN1-NTail, we introduced
either an EcoRI site in the corresponding 5’ site of the truncated
construct and recloned it into the EcoRI and Sall sites of
pGEXS51 vector or introduced a stop codon at the correspond-
ing amino acid. To generate GFP-MCOLN]I, full-length
MCOLN1 was cloned into the EcoRI and Sall sites of the
pEGFPC2 vector (Clontech). Construction of MCOLN1-FLAG
was described previously (17). Mutations of residues in the
cytosolic tail of MCOLNI were introduced using the Quick-
Change site-directed mutagenesis kit, as per the manufacturer’s
instructions (Stratagene, La Jolla, CA). The complete open
reading frame of human ALG-2 was PCR-amplified from a pla-
centa cDNA library using specific primers and cloned into the
EcoRI and Sall sites of pEGFP-C2 and the Cherry-C2 vectors
(Clontech) and His-Parallel vector. The point mutations at the
first and third EF-hands of ALG-2 were introduced by Quick-
Change site-directed mutagenesis kit to generate pEGFP-C2-
ALG2F¥7A/EIIA " The alternatively spliced isoform of ALG-2
was constructed by deleting amino acids GF'** using the
QuickChange site-directed mutagenesis kit. Site-directed
mutations were confirmed by subsequent DNA sequencing.
GFP-hVps4B¥23*Q was a kind gift of P. Woodman (University
of Manchester, Manchester, UK).

Cell Culture, Transfection, and siRNA Knockdown—HeLa
and HEK293 cells were maintained in Dulbecco’s modified
Eagle’s medium (Invitrogen) supplemented with antibiotics
and 10% fetal bovine serum. The human retinal pigmented epi-
thelial cell line ARPE19 was grown in a 1:1 mixture of Dulbec-
co’s modified Eagle’s medium and Ham’s F-12 media supple-
mented as above. Cells were transiently transfected using
FuGENE 6 (Roche Applied Science) according to the manufac-
turer’s recommendations. Transfected cells were analyzed 24 h
post-transfection. For ALG-2 knockdown, cells were trans-
fected with either siRNA against ALG-2 or nontargeting siRNA
using DharmaFect transfection reagent (Dharmacon-Thermo-
Scientific, Lafayette, CO). Treated cells were lysed 72 h after
transfection.

GST Pulldown—GST fusion proteins were expressed in bac-
teria and affinity-purified by standard methods. HeLa cells were
washed with ice-cold PBS and lysed in buffer B (25 mm Hepes,
250 mMm NaCl, 1% Triton X-100, and 1 mwm dithiothreitol, pH
7.4) supplemented with 1 mm CaCl, and protease inhibitors.
The lysate was precleared by centrifugation and incubated with
100 g of GST fusion protein immobilized on glutathione
beads for 3 h at 4 °C. Beads were washed four times with buffer
B and transferred to a column. Bound proteins were eluted with
10 mm EGTA, separated by SDS-PAGE (4-20% gradient gels)
under reducing conditions, visualized by Coomassie Blue stain-
ing, and excised from the gel.

Mass Spectrometry and Protein Identification—Excised
bands were destained using 25 mm NH,HCO,, 50% acetonitrile
for 10-min intervals until completely destained. Gel samples
were then dried, reduced with 10 mwm dithiothreitol in 25 mm
NH,HCO, for 1 h at 56 °C, and alkylated with 55 mm iodoacet-
amide in 25 mm NH,HCO; for 45 min at room temperature in
darkness. Upon supernatant removal, gels were washed with 25
mMm NH,HCO; for 10 min and with 25 mm NH,HCO,/50%
acetonitrile and then dried. Proteins in gels were trypsinized
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using 12.5 ng/ul sequencing-grade modified trypsin (Promega,
Madison, WI) diluted in 25 mm NH,HCO, and incubated at
37 °C for 16 h. Peptides were collected from digest solutions,
lyophilized to near dryness, and reconstituted with 15 ul of
0.1% formic acid.

Liquid chromatography-tandem mass spectrometry analyses
were carried out using an Agilent 1100 nanoflow LC system
(Palo Alto, CA) connected to a Finnigan LTQ mass spectrom-
eter (Thermo Scientific, San Jose, CA), as described previously
(49). Briefly, peptides were first loaded onto a peptide trap car-
tridge (Agilent, Palo Alto, CA) at a flow rate of 2 ul/min.
Trapped peptides were then eluted onto a reversed-phase
PicoFrit column (New Objective, Woburn, MA) and separated
using a linear gradient of acetonitrile (0—60%) in 0.1% formic
acid. The gradient time was 45 min at a flow rate of 0.25 wl/min.
Eluted peptides from the PicoFrit column were sprayed into
the LTQ mass spectrometer equipped with a nano-spray ion
source. Data-dependent acquisition mode was enabled, and
each survey MS scan was followed by five MS/MS scans with
the dynamic exclusion option on. The spray voltage was 2 kV,
and the temperature of ion transfer tube was set at 160 °C. The
normalized collision energy was set at 35%.

Data base search for protein identification was carried out on
an 8-node computer cluster using the SEQUEST search algo-
rithm in BioWorks 3.3 (Thermo Scientific, San Jose, CA).
Human RefSeq protein sequences (target) were downloaded
from the NCBI website, and a reversed version of these
sequences (decoy) was appended to the target sequence data
base before performing data base searches. Only the best pep-
tide match from each MS/MS spectrum was retained for fur-
ther analysis. Phospho-PIC, an in-house computer program
(50), was applied for automated filtering of peptide identifica-
tions by XCorr scores to achieve a false discovery rate of about
5% based on the number of decoy matches.

In Vitro Binding Assays—GST or GST fusion proteins (0.1
mg/ml) were incubated with recombinant His-ALG-2 in 0.5 ml
of 50 mm Hepes-KOH, pH 7.5, 150 mm NaCl, 1 mm MgCl,, 10%
(v/v) glycerol, and 0.6 mg/ml bovine serum albumin in the pres-
ence of 1 mm CaCl, for 30 min at room temperature. Glutathi-
one-Sepharose 4B (50 ul) was added and the incubation
continued for an additional 30 min. The suspension was trans-
ferred to chromatography columns, washed extensively, and
fist eluted in 10 mm EGTA and then in 20 mMm glutathione.
Samples were analyzed by SDS-PAGE and immunoblotting
with antibody to the His tag.

Electrophoresis and Immunoblotting—Cells were washed
with ice-cold PBS and lysed in buffer B (25 mm Hepes, 250 mm
NaCl, 1% Triton X-100, and 1 mm dithiothreitol, pH 7.4) sup-
plemented with protease inhibitors and subjected to pulldown
analysis. Bound proteins were analyzed by SDS-PAGE (4-20%
gradient gels) under reducing conditions and transferred to
nitrocellulose. The nitrocellulose membrane was then blocked
with PBS, 0.05% Tween 20, 10% nonfat milk and incubated with
the indicated antibodies. Enhanced chemiluminescence rea-
gent (Amersham Biosciences) was used for detection.

Immunofluorescence Microscopy—For immunofluorescence,
cells were grown on glass coverslips and fixed in methanol/
acetone (1:1, v/v) for 10 min at —20 °C. Incubation with primary
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antibodies diluted in PBS, 0.1% (w/v) saponin, and 0.1% bovine
serum albumin was carried out for 1 h at room temperature.
Unbound antibodies were removed by rinsing with PBS for 5
min, and cells were subsequently incubated with a secondary
antibody (Alexa555- or Alexa488-conjugated goat anti-rabbit
or anti-mouse Ig) diluted in PBS, 0.1% (w/v) saponin, and 0.1%
bovine serum albumin for 3060 min at room temperature.
After afinal rinse with PBS, coverslips were mounted onto glass
slides with Fluoromount G (Southern Biotechnology Associ-
ates, Birmingham, AL). Fluorescence images were acquired on
an LSM 510 confocal microscope (Carl Zeiss, Thornwood, NY).
For co-localization analysis, the percentage of co-localized ves-
icles was calculated as the number of GFP-MCOLN1-positive
vesicles that co-localized with the indicated organelle marker
divided by the total number of GFP-MCOLNI1-positive vesicles
in a given cell and multiplied by 100.

RESULTS

Identification of Ca”*-dependent Interactors of MCOLNI—
Recent evidence has suggested the participation of MCOLNI1 in
several Ca®"-dependent processes, including lysosomal exocy-
tosis and fusion of autophagosomes and late endosomes with
lysosomes. To better understand the mechanism of MCOLN1
function, we searched for proteins that interact with MCOLN1
in a Ca?*-dependent manner. The soluble proteins represent-
ing the amino-terminal tail (GST-MCOLN1-NTail; residues
1-66) and the carboxyl-terminal tail (GST-MCOLN1-CTail;
residues 518 —-580) of MCOLN1 were synthesized in bacteria as
GST fusion proteins (Fig. 1A4). Following purification, these
fusion proteins were incubated with HeLa lysates in the pres-
ence of 1 mm CaCl,. GST alone was used as a negative control.
After extensively washing, proteins bound to MCOLNTI in a
Ca®"-dependent manner were eluted by adding the Ca®" che-
lator EGTA, separated by SDS-PAGE, and visualized by Coo-
massie staining. Although no noticeable bands were observed
in the GST or GST-MCOLN1-CTail pulldowns, three apparent
bands were eluted when using the GST-MCOLN1-NTail (Fig.
1B). The three bands were excised from the gel, trypsinized, and
subjected to mass spectrometry analysis. Bands B1 and B2 were
identified as the members of the COPII complex Sec31A and
Sec13, respectively, and band B3 was identified as the penta-EF-
hand protein ALG-2.

To verify our mass spectrometry results, we performed
Western blot analysis using specific antibodies. As expected,
antibodies against Sec31A and ALG-2 detected the presence of
these proteins in the eluted fractions of the GST-MCOLN1-
NTail pulldowns. In contrast, no Sec31A or ALG-2 was
observed in the GST-MCOLN1-CTail and GST pulldowns (Fig.
1C). The lack of a commercially available antibody against
Sec13 prevented us from verifying the identity of B2 by immu-
noblot; however, the fact that Sec13 and Sec31A form a stable
complex (51) suggests that the band B2 does indeed correspond
to Secl3.

MCOLNI Interacts with the Penta-EF-hand Protein ALG-2—
An interaction between ALG-2 and Sec31A has been described
previously (43, 45). ALG-2 binds very strongly to Sec31A at the
endoplasmic reticulum exit sites, stabilizing the localization of
Sec31A at these sites. ALG-2 also interacts with several endo-
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FIGURE 1. Search for Ca®*-dependent interactors of MCOLN-1. A, pro-
posed topology of MCOLNT is shown, with the transient receptor potential
(TRP) domain depicted in gray, and the two cytosolic tails denoted by squares.
B, Hela cells were lysed, and the cleared lysate was incubated with glutathi-
one-Sepharose beads carrying GST, GST-MCOLN1-Ctail, or GST-MCOLN1-
NTail in the presence of 1 mm CaCl,. After washing, bound proteins were
eluted with 10 mm EGTA and collected in three elutions (E1, E2, and E3). A
small fraction of the pulldown was recovered before eluting (Tt). Total pull-
downs and protein eluates were separated on denaturing SDS-polyacrylam-
ide gels and visualized by Coomassie staining. Bands B1, B2 and B3, indicated
by asterisks, were excised from the gel, digested with trypsin, and subjected
to mass spectrometry analysis. The band representing GST-MCOLNT1 is indi-
cated by A. Excluding keratins, the number of peptide hits for a protein rela-
tive to the number of total peptide hits in a band was 225 out of 241 for
Sec31A (B1), 47 out of 56 for Sec13 (B2), and 70 out of 72 for ALG-2 (B3).
G, identity of Sec31A and ALG-2 was corroborated by immunoblotting using
specific antibodies. WB, Western blot.

somal proteins such as Alix/AIP1 (40,41), TSG101 (42), and the
annexins VII/XI (52, 53), suggesting a role for ALG-2 in the
regulation of trafficking along the endosomal pathway. In addi-
tion, ALG-2 has been shown to be present at Lamp-1-enriched
fractions after subcellular fractionation, further indicating an
association of ALG-2 with late endosomes/lysosomes (42).
Given the primary location of MCOLNTI to late endosomes/
lysosomes (16) and the fact that ALG-2 is the only Ca®*-bind-
ing protein identified in the eluted fractions, we reasoned that
MCOLNL1 interacts with ALG-2, although the presence of
Sec31A and Secl3 at the GST-MCOLN1-NTail pulldowns is
indirect and due to the ability of Sec31A to bind ALG-2.

To test this hypothesis, we depleted endogenous ALG-2 in
HelLa cells by using specific small interfering RNAs (siALG-2).
As shown in Fig. 24, the levels of ALG-2 were reduced 95% in
siALG-2-treated cells when compared with cells treated with a
control nontarget siRNA (siControl). In contrast, the levels of
Sec31A were not affected by treatment with siALG-2 or
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FIGURE 2. Depletion of ALG-2 eliminates Sec31A from the elution frac-
tions. A, Hela cells were transfected with nontarget small interfering RNA
(siCont) or siRNA targeted to ALG-2 (siALG-2). Seventy two hours after trans-
fection, cells were lysed, and equivalent amounts of homogenate were sub-
jected to SDS-PAGE and immunoblotted with antibodies to Sec31A, ALG-2,
and actin (loading control). B, lysates from siControl and siALG-2 were incu-
bated with GST-MCOLN1-NTail in the presence of 1 mm CaCl,. After washing,
bound proteins were eluted with 10 mm EGTA (ET and E2), separated on dena-
turing SDS-polyacrylamide gels, and analyzed by Western blotting. C, recom-
binant His-ALG-2 (50 ug/ml) was tested for interactions with GST or GST
fusion proteins bearing the C- and N-tails of MCOLN1 in the presence of Ca®*.
Bound His-ALG2 was eluted with 10 mm EGTA, and GST fusion proteins were
eluted with 20 mm glutathione. The GST fusion proteins were visualized by
Ponceau staining, and bound His-ALG-2 was detected by immunoblotting
with antibody to His.

siControl (Fig. 24). Next, we performed pulldown experiments
by incubating GST-MCOLN1-NTail with cell extracts from
siALG-2- or siControl-treated cells. As predicted, we found
that Sec31 was not pulled down by GST-MCOLN1-NTail in the
absence of ALG-2 (Fig. 2B). Analysis of the eluted fractions by
silver staining revealed that the band corresponding to Sec13
was lost in siALG-2-treated cells as well (data not shown).
Therefore, our results indicate that MCOLNI does not interact
directly with the Sec31A-Sec13 complex and that the presence
of COPII subunits in the GST-MCOLN1-NTail pulldowns
might be due to the ability of Sec31A to bind ALG-2.

To confirm direct binding between ALG-2 and MCOLN],
we carried out pulldown experiments using recombinant
His-ALG2 in the presence of Ca®>". As seen in Fig. 2C, ALG-2
bound GST-MCOLN1-NTail, although GST alone or GST-
MCOLN1-CTail did not produce any detectable signal, thus
corroborating that ALG-2 directly interacts with the NH-ter-
minal cytosolic tail of MCOLNI1.

Interaction between ALG-2 and MCOLNI Is Dependent on
Ca’" —The interaction between MCOLN1 and ALG-2 was
found in pulldown experiments performed in the presence of 1
mMm Ca®?". To check whether the two proteins can interact
under more physiological conditions, we performed pulldown
assays in the presence of a wider range of Ca®>" concentration or
in the presence of the Ca>" chelator EGTA. As seen in Fig. 34,
the amount of endogenous ALG-2 pulled down by MCOLN1-
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FIGURE 3. Ca®?*-dependent binding of ALG-2 to GST-MCOLN1-NTail.
A, Hela cells were lysed, and the cleared lysate was incubated with glutathi-
one-Sepharose beads carrying GST-MCOLN1-NTail in the absence (—) or pres-
ence of increasing concentrations of CaCl, or in the presence of 10 mm EGTA.
After washing, the pulldown products were analyzed by Western blotting
(WB) using an anti-ALG2 antibody. Ponceau staining showed similar levels of
fusion protein in each well. B, cleared lysates of HEK293 cells expressing GFP-
ALG-2 (wild type), GFP-ALG-2AS7'22 (AGF'??), or GFP-ALG-2547AF114 (F474A/
E114A) were subjected to GST or GST-MCOLN1-NTail pulldown assays in the
presence of 1 mm CaCl,, and the pulldown products were analyzed by West-
ern blotting using either anti-GFP or anti-Sec31A antibodies.

NTail was barely detectable when the experiments were per-
formed in the absence of Ca®*. Increasing Ca®>" concentration
led to a more efficient interaction between MCOLNI1 and
ALG-2, reaching a peak at 0.5 mm CaCl,. In contrast, no inter-
action was detected in the presence of EGTA (Fig. 34).

To further confirm the Ca®>" dependence for the interaction
of MCOLNT1 and ALG-2, we tested the ability of MCOLNI to
bind to a Ca2+—binding defective ALG-2 mutant, in which the
two glutamic acid residues located in the high affinity Ca®"-
binding motifs EF1 and EF3 were mutated to Ala (ALG-
QE47A/ELLAA) (37) GFP-ALG-2 and GFP-ALG-2E47A/EL14A yere
expressed in HEK293 cells, and their binding capacity to
MCOLNT1 was measured by pulldown assays in the presence of
Ca®*. Although GFP-ALG-2 wild type was efficiently pulled
down by GST-MCOLNI-NTail, the GFP-ALG-2E7A/EH44
mutant failed to interact with MCOLNT1 (Fig. 3B), thus indicat-
ing that ALG-2 needs to bind Ca*>" to bind MCOLNI1.

We also tested the binding capacity of an alternatively spliced
isoform of ALG-2, which lacks two amino acids (AGF*?2) and
has a lower affinity for Ca®>" than full-length ALG-2 (54). As
expected, the ability of the AGF'?? isoform to bind MCOLN1
was drastically reduced when compared with ALG-2 full-length
(Fig. 3B). These data indicate that MCOLNT1 belongs to the
isoform noninteractive group of ALG-2 interactors, which also
include Alix and TSG10 (55). It is important to note that
Sec31A was not present in the pulldowns performed with GFP-
ALG-2F7A/EIIAA o AGF'?2, thus confirming that there is not a
direct interaction between MCOLNT1 and Sec31A (Fig. 3B).
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Identification of the ALG-2 Binding Domain in MCOLNI—
Next, we investigated the MCOLNT1 domain responsible for the
interaction with ALG-2. ALG-2 is known to interact with pro-
teins containing proline-rich regions (PRR) (42). A region con-
taining the PXY repeats was shown to be sufficient for binding
of ALG-2 to Alix/AIP1 (56, 57). Looking at the primary
sequence of MCOLNI, we identified several proline residues
and one PXY motif that seem to be highly conserved through
evolution (Fig. 4A4). To test whether this proline-rich region in
MCOLNT1 was necessary for the interaction with ALG-2, we
generated truncated mutants of the NH-tail of MCOLNI fused
to GST and performed GST pulldown assays with HeLa
extracts in the presence of 1 mm CaCl,. As seen in Fig. 4, A and
B, deletion of the MCOLNI1 PRR did not abrogate interaction
with ALG-2, as the MCOLN1-NTail-(37-66) mutant still
retained the ability to pulldown ALG-2. Mutation of Pro'®~2°
and Pro*®~?° to alanines did not affect the interaction either
(data not shown). Moreover, a chimera that just contains the
MCOLN1 PRR (MCOLN1-NTail-(1-37)) was unable to bind
ALG-2, indicating that MCOLN1 belongs to the group of pro-
teins that do not require a PRR to interact with ALG-2 (58, 59).

In contrast, those chimeras that include a region enriched in
charged and hydrophobic amino acids (ABH) (residues from
position 37 to 49) (MCOLN1-NTail-(1-66), MCOLN1-NTail-
(25-66), MCOLN1-NTail-(37-66), and MCOLNI1-NTail-
(1-49)) retained the capability to pull down ALG-2, although
truncation of this region (MCOLN1-NTail-(1-41) and
MCOLN1-NTail-(42-66)) abolished the binding (Fig. 4, A and
B). To further identify the residues responsible for the interac-
tion between MCOLN1 and ALG-2, we performed alanine
scanning mutagenesis of the ALG-2-binding domain of
MCOLNI. Substitution of the acidic residues E39D or the
hydrophobic residues *’YFF to alanine reduced the interaction
with ALG-2, although substitution of residues **RLK to alanine
abrogated the binding entirely (Fig. 4C and supplemental Fig.
1). Moreover, introduction of individual mutations within the
RLK triplet revealed that substitution of either Arg** or Leu®
by alanine strongly decreased the affinity for ALG-2, although
mutation of Lys*® alone did not affect the binding (Fig. 4D).
Once again, Sec31A was not pulled down by the MCOLNI1
mutants that failed to bind ALG-2 (Fig. 4 and supplemental Fig.
1). Altogether our data indicate that a patch of acidic-basic and
hydrophobic residues in the NH-tail of MCOLNT1 is responsible
for the interaction with ALG-2 and that the amino acids Arg**
and Leu®” play a critical role in the binding.

MCOLNI and ALG-2 Co-localize to Vps4B****?-induced
Enlarged Endosomes—As mentioned previously, the ability of
ALG-2 to bind several endosomal proteins suggests a role
of ALG-2 in endosomal function; however, the association of
ALG-2 with endosomal membranes is transient. Proteins that
localize transiently in endosomes are known to accumulate in
aberrant endosomal compartments in cells expressing the domi-
nant-negative AAA ATPase VpsdB (Vps4B***°Q) (60, 61). More-
over, Katoh et al. (42) described that in HeLa cells transiently
expressing GFP-tagged VpsdBF***? ALG-2 was recruited to
perinuclear structures that colocalize with GFP-Vps4B***Q in a
Ca®*-dependent manner. To determine whether ALG-2 and
MCOLNT1 co-localize into the same subcellular compartment, we
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FIGURE 4. Identification of the ALG-2 binding domain in MCOLN1. A, schematic representation of the
different motifs found in MCOLN1-NTail as well as the truncated forms used in the pulldown assays. The
binding capacity of the chimeras to ALG-2 is indicated on the right. The domain identified as required for ALG-2
binding is shown in italics and corresponds to the ABH domain. B, truncated forms of GST-MCOLN1-NTail
shown in A were generated and subjected to pulldown experiments using Hela precleared lysates in the
presence of 1 mm CaCl,. C and D, individual mutations were introduced into the MCOLN1-NTail ABH domain,
and the corresponding GST recombinant proteins were subjected to pulldown analysis. Pulldown products
were analyzed by Western blotting (WB) using anti-ALG-2 and anti-Sec31A antibodies.

into GFP-positive endosomes as
reported previously (42). Immuno-
fluorescence analysis with an anti-
body against FLAG revealed that
MCOLN1 was also present in
VpsdBF?**QUALG-2 positive endo-
somes (Fig. 5, insets) indicating that
MCOLNT1 and ALG-2 co-localize to
endosomes.

ALG-2 Regulates the Activity of
MCOLNI in the Endosomal Path-
way—To understand the physiolog-
ical role of the interaction between
ALG-2 and MCOLNI, we sought to
study the distribution and function
of an ALG-2-binding defective
mutant of MCOLNI1. To do so, we
substituted the **RLK residues to
alanine in the MCOLNI full-length
protein (GFP-MCOLN1-RLK) and
addressed the distribution of
mutant versus wild type MCOLN1
(GFP-MCOLN1-wt)  transiently
expressed in ARPE19 cells. We have
previously described that MCOLN1
co-localizes with the late endoso-
mal/lysosomal marker CD63 in
HeLa cells. Moreover, overexpres-
sion of MCOLNI causes swelling of
CD63-positive structures resem-
bling the accumulation of enlarged
vacuoles observed in cells from
MLIV patients (16). Expression of
GFP-MCOLN1-wt in ARPE19 cells
also caused aggregation of enlarged
late endosomes/lysosomes at the
perinuclear area (Fig. 6, A and C). In
contrast, the GFP-MCOLN1-RLK
mutant showed a decreased co-lo-
calization with CD63 (61.13% co-lo-
calization between MCOLNI-wt
and CD63 versus 45.8% co-localiza-
tion between MCOLN1-RLK and
CD63) and was much less efficient
promoting accumulation of en-
larged CD63-labeled vesicles (Fig. 6,
A and D). To ensure that the differ-
ence in subcellular localization was
not due to different levels of expres-
sion of the two constructs, we ana-
lyzed the two fusion proteins by
SDS-PAGE and immunoblotted
with an antibody against GFP. As

transiently expressed GFP-Vps4B®***?  Cherry-ALG-2, and seen in Fig. 6B, both proteins were similarly expressed and were
MCOLN1-FLAG in the human retinal pigmented epithelial cell able to oligomerize (upper bands) and undergo proteolytic
line ARPE19 (62, 63) and analyzed the localization of the three cleavage (lower band) (17, 18, 64).

proteins by confocal microscopy. As seen in Fig. 5, expression of Remarkably, many of the enlarged CD63-positive structures
GFP-Vps4BF?**Q leads to the recruitment of Cherry-ALG-2 induced by expression of MCOLN1-wt also contained early
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GFP-Vps4B&#:9

Ch-ALG-2

FIGURE 5. ALG-2 and MCOLN1 co-localize to Vps4Bf2*>2-induced enlarged endosomes. ARPE19 cells were
co-transfected with pEGFP-Vps4B®23°, Cherry-ALG-2, and MCOLN1-FLAG. After 24 h of transfection, cells were
fixed and analyzed by confocal microscopy. Note that expression of the dominant-negative AAA ATPase Vps4
(Vps4©233Q) causes the accumulation of Ch-ALG-2 on endosomal membranes where MCOLN1-FLAG is present.
Insets are 3-fold magnifications of the indicated regions. GFP-Vps4 BE**?is in green, Cherry-ALG-2 is in red, and

MCOLNT1-FLAG is in blue. Scale bar, 10 um.

endosomal proteins such as Hrs-1, whereas in nontransfected
cells the co-localization between these two proteins was very
limited (Fig. 6C). This indicates that MCOLN1-wt promotes
the formation of aberrant endosomes that contain both early
and late endosomes markers. Quantification of multiple ran-
dom fields of cells revealed that 38.9% of the GFP-MCOLN1-wt
structures also contained Hrs and CD63 (Fig. 6D). In contrast,
endosomal aggregation was greatly reduced when the ALG-2
defective binding mutant GFP-MCOLN1-RLK was expressed
in ARPE19 cells, with only 28% of the MCOLN1-RLK-positive
vesicles containing both Hrs and CD63 (Fig. 6D). In addition,
quantification of the distribution of CD63 by confocal micros-
copy revealed that MCOLN1-wt was significantly more effi-
cient than MCOLN1-RLK promoting aggregation of CD63-
positive vesicles at the perinuclear region. Thus, for example,
80% of CD63 vesicles were concentrated within a 10-um radius
from the center of the nucleus in MCOLNI1-wt-expressing
cells, whereas only 54% of CD63 structures were accumulated
in the same area in cells expressing MCOLN1-RLK (supple-
mental Fig. 2). All together, our data indicate that binding of
MCOLNT1 to ALG-2 plays an important role in the regulation of
the distribution and function of MCOLNT1.
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DISCUSSION

In this study, we report a novel
Ca®"-dependent interaction between
MCOLNT1 and the penta-EF-hand
protein ALG-2. We found that
ALG-2 directly binds to the amino-
terminal cytosolic tail of MCOLNI,
thus regulating MCOLNT1 function at
the endosomal/lysosomal pathway.

The interaction between ALG-2
and MCOLN1 is dependent on
Ca?" as revealed by the lack of bind-
ing in the presence of EGTA. In
resting cells, the cytosolic Ca*>* con-
centration is usually less than 1 um
explaining the very weak ALG-2/
MCOLNTI interaction observed in
the absence of exogenously added
Ca®". In contrast, free Ca®" is
highly concentrated in lysosomes
(65). It has been reported that in
macrophages the luminal Ca®>* con-
centration in lysosomes may be as
high as 400-600 um. This high
Ca®>* concentration is maintained
in part by the proton gradient across
lysosomal membranes (65).
Changes in lysosomal pH lead to
increases in cytosolic Ca®>* indicat-
ing that lysosomes can provide an
intracellular source for physiologi-
cal increases in cytosolic Ca®" levels
(65). We propose that increases in
Ca?" levels in the vicinity of lyso-
somes may be high enough to pro-
mote efficient interaction between ALG-2 and MCOLNI1.

In recent years, a growing number of ALG-2-binding pro-
teins have been identified. Some of these proteins, such as Alix
(40, 41), annexin VII (53), annexin XI (52, 53), and TSG101 (42)
contain sequences rich in proline, glycine, and tyrosine, sug-
gesting a consensus sequence PPYP(X; )YP (where X is an
uncharged amino acid). In contrast, Sec31A (43—-45) and Scotin
(66) do not conform to the consensus sequence despite con-
taining a segment rich in proline and tyrosine, whereas Ask-1
(59) and Raf-1 (58) do not possess any conspicuous proline-rich
regions. The amino-terminal tail of MCOLNT1 contains a region
rich in proline residues that include a *°PXY motif and the
sequence *PSPAPPTPP?®. However, a MCOLN1 mutant
whose PRR domain was deleted retained its capacity to bind
ALG-2, indicating that the PRR domain in MCOLNT1 is not
required for the interaction between MCOLNI1 and ALG-2.
Instead, we identified MCOLN1 amino acids 37-49 as a new
ALG-2-binding domain. This domain consists of a stretch of
charged (acidic and basic) and hydrophobic amino acids
(*’EEEDLRRRLKYFF*®). Disruption of this domain abrogates
the interaction between MCOLN1 and ALG-2 suggesting that
the net electrostatic charge of the domain may be important for
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FIGURE 6. ALG-2 regulates MCOLN1 activity at the endosomal pathway. A, ARPE19 cells were transfected
with GFP-MCOLN1-WT (upper row) or the ALG-2-binding defective mutant GFP-MCOLN1-**RLK/AAA (RLK)
(lower row). Twenty hours after transfection, cells were incubated with 100 ng/ml cycloheximide for 4 h to allow
efficient exit from the ER and fixed, permeabilized, and immunostained with an antibody to CD63. GFP-
MCOLNT is in green, and CD63 is in red; yellow indicates co-localization. Scale bar, 10 um. B, cells expressing
GFP-MCOLN1-WT or GFP-MCOLN1-RLK were harvested and subjected to Western blotting with an antibody to
GFP. Note that both proteins are similarly expressed and can undergo cleavage and oligomerization. C, cells were
transiently transfected with GFP-MCOLN1-WT, fixed, permeabilized, immunostained with anti-CD63 (red) and anti-
Hrs-1 (blue), and analyzed by confocal fluorescence microscopy. The arrow points to a GFP-MCOLN1 expressing cell.
Note that expression of MCOLN1 causes the aggregation of vesicular structures containing both CD63 and Hrs-1 in
the perinuclear area. White indicates triple co-localization. Scale bar, 10 wm. D, quantification of the co-localization
between vesicles containing GFP-MCOLN1-WT (white bars) or GFP-MCOLN1-**RLK/AAA (RLK) (black bars) with CD63
and triple co-localization with Hrs-1 and CD63. The third set indicates co-localization of CD63 vesicles with Hrs-1in
cells expressing GFP-MCOLN1-WT or RLK. Results are mean = S.D., n = 30 cells.
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the binding. It is worth mentioning
that although other members of the
mucolipin family contain similar
domains (*’KEECLREDLKFYM®
in MCOLN?2 and *°*EELLLEDQMR-
RKLKFFF*® in MCOLN3), they are
not capable of binding ALG-2 (data
not shown).

Shibata et al. (55) classified ALG-
2-binding proteins into two groups
based on their ability to interact
with an alternatively spliced ALG-2
isoform that lacks residues Gly'*!
and Phe'?? (ALG-24¢F122), ABS-1
(ALG-2 binding sequence-1)-type
proteins contain sequences that
resemble the Alix PXY repeat motif
and lack the ability to bind to ALG-
2AGF122 \whereas ABS-2-type pro-
teins interact with both ALG-2 and
ALG-246F122, Recently, the crystal
structure of the Ca®"-free and
Ca®>*-bound forms of ALG-2 have
been solved revealing that binding
of Ca®>* to the EF3 domain of ALG-2
causes a conformational change
that makes a hydrophobic pocket
accessible to the binding to the Alix
PXY motif (18). Deletion of Gly'*!
and Phe'*? shortens a critical loop
connecting ALG-2 «-helices 5 and
6, preventing the opening of the
hydrophobic pocket after Ca®"
binding and thus explains the
inability of ALG-22“F1*? to interact
with Alix and other PXY-containing
proteins. We have found that
MCOLNTI cannot interact with the
ALG-22F122 jsoform, indicating
that it belongs to the ABS-1-type
proteins. However, MCOLNT1 dif-
fers from other ABS-1 proteins in
that the MCOLNI1 PRR region
does not seem to be required for
binding to ALG-2. Further experi-
ments will be necessary to estab-
lish whether the charged hydro-
phobic sequence that constitutes
the ALG-2-binding domain in
MCOLN1 binds to the same
hydrophobic pocket as the Alix
PXY motif (67). In any case, the
identification of a new ALG-2-
binding domain strengthens the
idea that ALG-2 has structural
flexibility of binding motifs (68) as
happens in the case of calmodulin,
which interacts with a large num-
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ber of proteins to regulate their biological functions in
response to Ca®" stimuli (69).

While searching for Ca®>*-dependent binding partners of
MCOLNI, we also identified the two members of the COPII
coat cage Sec31A and Sec13. MCOLNI interaction with both
coat proteins was indirect, as depletion of ALG-2 by RNAi abol-
ished the presence of Sec31A and Secl3 in MCOLNI pull-
downs. Recently, Okumura et al. (70) have showed that ALG-2
functions as a Ca®>* adaptor bridging Alix and TSG101, raising
the question of whether ALG-2 might also link MCOLNI1 and
Sec31A at ER exit sites. We do not have any evidence to support
this possibility. For example, the MCOLN1-RLK mutant exits
the ER normally despite its inability to interact with ALG-2.
Moreover, we did not observe differences in the distribution of
endogenous Sec31A or in the trafficking of vesicular stomatitis
virus G between ER and Golgi when comparing control and
MLIV fibroblasts (data not shown), indicating that the absence
of MCOLNI does not affect COPII function. Finally, the traf-
ficking defects described in MLIV occur at the endolysosomal
pathway (15, 21, 22, 24-26, 34, 71-74), suggesting that
MCOLNT1 functions in this pathway rather than in ER-Golgi
trafficking.

Release of luminal Ca®>" from organelles is known to play a
crucial role in the regulation of many intracellular fusion/fis-
sion events, including homotypic fusion of endosomes (75, 76),
heterotypic fusion of late endosomes with lysosomes (77), and
reformation of lysosomes from hybrid compartments (77).
Recent evidence showing that MCOLN1-V432P is an inwardly
rectifying Ca>"-selective channel (35, 36) supports the idea that
MCOLNT1 regulates transport of membrane components in the
endosomal pathway. Moreover, we found that overexpression
of MCOLNT1 induces accumulation of enlarged aberrant endo-
somes that contain both early and late endosomal markers sug-
gesting that MCOLNI1 might mediate fusion/fission events.
Interestingly, the accumulation of aberrant endosomes was
greatly reduced upon overexpression of an MCOLN1 mutant
incapable of interacting with ALG-2. There are several ways in
which ALG-2 might regulate MCOLNT1 function. First, ALG-2
might regulate MCOLNTI trafficking, explaining the decreased
co-localization of MCOLN1-RLK with CD63. Consistent with
this idea is the fact that calmodulin, also an EF-hand protein,
interacts with a stretch of charged and hydrophobic residues
located at the cytosolic tail of epidermal growth factor receptor
(78), thus regulating epidermal growth factor receptor traffick-
ing and signaling (79). Second, binding of ALG-2 might induce
a conformational change in MCOLNT1 that alters its channel
activity. In agreement with this possibility, several reports indi-
cate that variations in cytosolic Ca®>" concentration may mod-
ulate the permeability of the MCOLN1 channel (34, 80). Finally,
we favor a third possibility in which ALG-2 acts as a Ca®>"-de-
pendent adaptor bringing together proteins implicated in
endosomal biogenesis. The fact that ALG-2 forms homodimers
and each monomer has one peptide-binding site (68) suggests
that ALG-2 may bridge two interacting proteins, as has been
described for Alix and TSG101 (70). Release of luminal Ca®*
mediated by MCOLN1 could then promote interaction with
ALG-2 along with the ALG-2-dependent recruitment of other
proteins implicated in fusion/fission events.
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Overall, our data provide new insight into the molecular
basis for the regulation of MCOLNT1 function by Ca** and
suggest a novel role for ALG-2 as a Ca®>' sensor at
endosomes/lysosomes.
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